Abstract. Evidence for introgression between Anopheles gambiae and An. arabiensis has accumulated for some time. We examined the fate of introgressed DNA directly, using microsatellite markers located throughout the genome. Introgressed X chromosomes were removed within two generations. Furthermore, substantial differences in introgressive capacity between the two autosomes were found. After introgression from An. arabiensis into An. gambiae, most introgressed alleles at third chromosome markers, particularly those on 3R, decreased steadily, indicating selection against them. No such pattern was observed for 2L markers and several 2R markers. The frequency of introgressed alleles on 2L were close to the original frequency even after 19 generations, whereas only two 2R markers showed a modest decrease. Even though limited information was available on the reciprocal cross, the pattern appears to be identical. Although the decrease in frequency of the introgressed X chromosome can be attributed to the presence of sterility and inviability effects, the variation in introgressive capacity of the autosomes does not appear to be explained by the presence of inversion polymorphisms, or regions causing hybrid sterility and inviability. These results can have some important implications for the spread of insecticide resistance and the control of these vector populations via the release of transgenic mosquitoes.
INTRODUCTION
The two most important vectors of malaria in sub-Saharan Africa, Anopheles gambiae and An. arabiensis, belong to a group of closely related sibling species known as the An. gambiae complex. 1, 2 The members of this complex were originally considered a single species because they cannot be distinguished on the basis of their morphology. When crosses between several strains showed the presence of hybrid male sterility, it was realized that several reproductively isolated taxa exist. [3] [4] [5] [6] Their genetic distinctness was subsequently confirmed by polytene chromosome analysis, [7] [8] [9] allozyme analysis, 10, 11 and the development of a species-specific diagnostic polymerase chain reaction (PCR). 12 Currently, seven species with varying vectorial capacity are recognized within the complex.
Both An. gambiae and An. arabiensis are widespread in sub-Saharan Africa. They are both antropophilic, have a similar ecology, and are sympatric over much of their range. They even have been observed in the same mating swarms. 13 Hybrid males are typically completely sterile, although a very small number of males with very low fertility can be found in hybrids produced by An. arabiensis females and An. gambiae males.
14 Female F 1 hybrids are fertile, but a substantial proportion of backcross females are partially or completely sterile. 15 In addition to these types of post-mating isolation, strong pre-mating barriers exists, and hybrids are only found at very low frequency (< 0.1%). 1, 16, 17 Therefore, the two species are separated by incomplete pre-mating and post-mating isolation mechanisms, allowing for the possibility of DNA exchange; i.e., introgression.
The possibility of introgression of genetic material between these two species has some important implications. Both species are a major threat to human health and economic potential in large areas of Africa, where they are subjected to continuous control programs. Currently, and in the conceivable future, insecticide use is an essential part of these programs, and the spread of insecticide resistance poses a serious threat to their success. At least one allele imparting insecticide resistance, knock down resistance (kdr), has been passed between different chromosomal forms of An. gambiae s.s. via introgression. 18 Understanding the capacity of the various chromosomal regions to introgress between An. gambiae and An. arabiensis, is crucial for anticipating the spread of insecticide resistance genes such as kdr.
Additionally, much effort has been devoted to the development of transgenic mosquitoes, 19, 20 and identifying refractory genes. [21] [22] [23] [24] The eventual goal of these efforts is the release of refractory transgenic mosquitoes as part of malaria control programs. Information about the introgressive ability of genomic regions in which genes are introduced will be needed for predicting their spread through An. gambiae and An. arabiensis populations.
Coluzzi and others have long advocated the importance of introgression in the evolutionary history of An. gambiae and An. arabiensis. 1, 25, 26 They have shown that the frequency of two chromosomal inversions, the 2Rb and 2La, on the right and left arms of the second chromosome, respectively, is correlated with dry savanna environment. These investigators suggested that these inversions have originated in An. arabiensis and subsequently spread into An. gambiae through introgressive hybridization. This would have allowed an originally forest-adapted An. gambiae to extend its range into the drier savanna habitat. The effects on the transmission of human malaria by such a range expansion of the antropophilic An. gambiae presumably would have been large. 1 The An. gambiae complex is characterized by the presence of numerous fixed and polymorphic chromosomal inversions. Coluzzi and others 1,2 proposed a phylogeny based on the presence of shared inversions, assuming each inversion has a single origin; i.e., they are monophyletic. Anopheles gambiae and An. merus are both fixed for Xag, a large inversion covering two-thirds of the X chromosome, which suggests they are sister taxa. Although there is evidence that at least one inversion may have originated twice in this species complex, 27 monophyly for the Xag inversion has been confirmed. 28 However, An. gambiae and An. arabiensis share several second chromosomal inversions, which is hard to reconcile with the clustering based on the Xag inversion, unless these shared inversion polymorphisms are ancestral or introgression has occurred between these two species. 1 Introgression of these shared second chromosome inversions has been demonstrated in a laboratory experiment. 29 Inversions that are shared naturally between these species introgress readily in the laboratory, whereas non-shared inversions are removed after a few generations. Sequence data of genes inside the 2Rb have confirmed the introgression of this inversion in nature. 30 Other evidence of introgression between these species is provided by molecular data from mitochondrial DNA 31, 32 and the 2La inversion. 27 Furthermore, a recent study indicates that introgression may have occurred on the third chromosome. 33 Here we present the results of a study into the capacity of different genomic regions to introgress between An. gambiae and An. arabiensis in a laboratory colony. The fate of 18 microsatellite markers distributed across the genome is followed, when introgressed from An. arabiensis into An. gambiae. This extends the work of della Torre and others 29 to genomic regions outside of the inversions, as well as to all three chromosomes. Furthermore, we examine if the chromosomal regions containing hybrid sterility and inviability factors we identified previously 34 pose a barrier for introgression.
MATERIALS AND METHODS
Crosses and strains. An An. gambiae (Gasua) colony was started from females collected in Suakoko, Liberia in 1986. Originally, this colony was polymorphic for two chromosomal inversions: 2Rb and 2La. Later, a Gasua strain fixed for the 2La inversion and the standard 2R arrangement (2R+) was selected, and this strain was used in this study. The inversion karyotype for this strain can be described as Xag, 2R+, 2La, 3R+, 3L+. This strain belongs to the Mopti chromosomal form and the M molecular form.
The An. arabiensis (Armor) colony used in this study was started from adult females collected in Moribabougou, Mali in 1996. Armor, like all An. arabiensis, was fixed for the Xbcd and 2La inversions. In addition, it was polymorphic for one inversion on 3R, 3Ra, and three inversions on 2R. Two of these, 2Ra and 2Rb, were linked, creating a 2Rab arrangement. A third polymorphic inversion on 2R, 2Rc, was always linked to 2Rb. The inversion karyotype of Armor can therefore be described as Xbcd, 2Rab/c/+, 2La, 3Ra/+, 3L+.
Colonies were reared using standard methods. Larvae were reared in distilled water with 0.1% marine salt at 28°± 1°C and fed on dried cat food pellets. Adults were kept at 26°± 1°C and a relative humidity of 70 ± 5% in 0.125-meter 3 cages and fed on a 1% sugar solution. Females were blood fed twice prior to oviposition on guinea pigs. Both larvae and adults were kept at a 12-hour photoperiod.
Gasua females were mated to Armor males to produce an F 1 hybrid generation. Males of this generation are mostly or completely sterile, whereas females are generally fertile. The F 1 females were mated to either Gasua or Armor males. The cross with Gasua males produced a GA × G backcross, here called the F 2 , which was used to start our GA × G introgression colony. In this colony, the fate of arabiensis DNA in a predominantly gambiae genetic background was followed.
(GA × G) F2 males were mated to (GA × G) F2 females to produce an F 3 generation. This process was repeated for subsequent generations until the F 20 generation. The cross in the other direction proved to be less successful. Despite several attempts, we did not succeed in maintaining a GA × A introgression colony and for this cross data from an F 2 and F 3 generation reported previously were used. 34 We used Populus 35 to perform 1,000 simulations to determine the effective population size (N e ) required in our experimental design. With N e too small, there would be a substantial probability that an allele is removed by chance. It was found that the critical N e for this experiment was approximately 60. At this N e , the probability that a neutral allele, with a starting frequency of 0.25, is removed from the population as the result of drift within 19 generations is 0.05. Since both F 2 females and F 2 males have significant hybrid sterility, we monitored the number of F 2 and F 3 females that contributed offspring to the next generation. In these generations, males and females were mated in cages containing approximately 200 individuals of both sexes. After blood feeding, approximately 130 gravid females were placed in single oviposition cups to determine the number of females producing offspring. Of these, 20 F 2 females contributed to the F 3 generation and 61 F 3 females contributed to the F 4 . Following this generation, the colony was kept in two cages containing approximately 400 individuals each, and females were allowed to perform mass ovipositions.
Molecular markers. Seventeen microsatellite loci distributed across the two autosomes, as well as two X-linked loci, were used as markers to follow the fate of introgressed chromosomal regions. 36 Markers were tested on the two parental strains and only markers that did not share alleles were used. Locus 53 on the X chromosome is located within the Xag inversion. Locus 32J0, primers for which were kindly provided by L. Zheng (Department of Epidemiology and Public Health, Yale University, New Haven, CT), is located outside the Xag inversion. Locus 32J0 was used to analyze the F 2. For the F 3 and F 4 , a diagnostic PCR 12 was used that distinguishes An gambiae and An. arabiensis ribosomal DNA (rDNA) located outside the Xag inversion. 37 However, as reported previously, 34, 38 we did not detect any recombination between the gambiae and arabiensis X chromosomes. Therefore, for generations following the F 4 , a single microsatellite marker (53) was used to monitor the frequency of the arabiensis X chromosome (X A ). Names of loci used follow those of Zheng and others 36 with the prefix AGXH, AG2H, or AG3H removed. A genetic map of the markers is shown in Figure 1 . This map was constructed using data from 800 (GA × G) F2 males and females from a previous study. 34 Genotypes were obtained for 133-160 F 2 males (average for all loci ‫ס‬ 157). For the F 3 , genotypes were obtained for both males and females. The number of male genotypes for each locus ranged from 49 to 57 (average ‫ס‬ 54), and the number of female genotypes ranged between 64 and 68 individuals (average ‫ס‬ 67). Following the F 3 , only female genotypes were obtained. The sample size for each locus for all subsequent generations ranged from 108 to 126 (average ‫ס‬ 122).
Molecular methods. Extraction of DNA was conducted using the Easy DNA kit (Invitrogen, Carlsbad, CA). The PCRs were done using AmpliTaq Gold (Applied Biosystems, Foster City, CA) with the following program: 94°C for 12 min-utes, 30 cycles at 94°C for 40 seconds, 55°C for 30 seconds, and 72°C for 30 seconds, with a final extension at 72°C for 5 minutes. One to four loci were amplified in a single PCR. Primers were labeled with fluorescent dye, and PCR products were sequenced on an ABI 373 automated sequencer (Applied Biosystems).
Analyses. Extraction of genotypic data was performed using Genescan (Applied Biosystems) and Genotyper (Applied Biosystems). No distinction was made between different alleles within our strains, and alleles were coded based on the strain from which they were derived. Arlequin 39 was used to test for deviations from HardyWeinberg equilibrium and linkage disequilibrium. The procedure, followed by this program for testing Hardy-Weinberg equilibrium, is as outlined by Guo and Thompson. 40 The number of steps in the Markov chain was 100,000 and the number of dememorization steps was 4,000. The presence of linkage disequilibrium was tested using a maximum likelihood estimation 41 because the gametic phase of the individuals was not known. The number of permutations performed was 20,000 and the number of initial conditions was 100.
RESULTS
Introgression from An. arabiensis into An. gambiae. We found marked differences between the three chromosomes in their ability to introgress. For autosomal loci, the expected frequency of arabiensis markers in the F 2 was 0.25, whereas for the X A chromosome, the expected frequency was 0.33. For the F 2 , only males were analyzed. However, in the F 2 of a separate, but identical cross, the frequencies of males and females carrying an arabiensis X chromosome (X A ) were similar. 34 Therefore, although genotypes were only obtained for F 2 males in this experiment, the frequency of the X A in this generation was adjusted to represent that of a mixed population ( Figure 2 ). The frequency of the X A is according to Mendelian expectation in the F 2 . In the F 3 , the X A frequency decreased dramatically, and only a single individual carrying an X A was found in the F 4 .
Although an excess of heterozygotes was found for several autosomal loci in the F 2 of the GA × G cross, none of the differences were significant (P values ranged between 0.112 and 1 for all loci, by chi-square test). However, arabiensis alleles at several second chromosome loci, most notably 79 and 770, increased in frequency in the F 3 and F 4 , only to decrease to lower frequencies in subsequent generations. These loci are both located on the right arm of the second chromosome (2R). Markers 175 and 79 are located in inversions 2Ra and 2Rb, respectively. These are polymorphic in our arabiensis strain and linked as 2Rab. Based on the result of della Torre and others, 29 this inversion is expected to be removed rapidly from the population. However, although the frequency of introgressed alleles at marker 79 decreased in frequency until the F 20 , this was not the case for marker 175, which remained at the same frequency (∼15%) between the F 10 and the F 20 . Although marker 770 is located outside the inversion, the genetic distance between markers 79 and 770 and our linkage disequilibrium analysis indicated that these markers are significantly linked in all generations. However, marker 175, which is also located inside the 2Rab inversion, was at substantially higher frequency than marker 79, indicating that if there was selection against marker 79, it was not solely because of the presence of the 2Rab inversion.
The frequency of arabiensis alleles at loci on 2L appeared to be stable, and after 19 generations, none of the markers had appreciably decreased in frequency. This chromosome arm contains the large 2La inversion, which is fixed in An. arabiensis, but is polymorphic in An. gambiae in nature. Two of the markers on 2L are within the 2La inversion (marker 143 and 787) and both were at high frequencies up to the F 20 . Marker 675, which is close to the tip of 2L, was also at a high frequency. Linkage disequilibrium analysis indicates that marker 675 was not linked to marker 787 in the F 10 , although significant linkage was found in the F 20 . The genetic map ( Figure 1) indicates a considerable genetic distance (∼18.3 cM) between the two markers. Therefore, linkage disequilibrium due to physical linkage should have been mostly broken down by the F 20 . The linkage detected in the F 20 may have been due to selection on the same alleles at epistatically interacting loci. Additionally, the section of the right arm of the second chromosome closest to the centromere (marker 786) was also at a high frequency throughout the experiment.
The frequencies of third chromosome markers were markedly different from those on the second chromosome. They decreased steadily starting in the F 3 . By the F 20 , marker 812 was completely removed, and all other loci on 3R were at low to very low frequencies. The frequency of 3L decreased less than 3R, with loci 127 and 758 more or less stable at frequencies of 9.2% and 9.1%, respectively, in the F 20 . However, marker 817 disappeared completely by the F 20 . On the third chromosome, marker 119 is located within the 3Ra inversion. Although we do not know the frequency of this inversion, it was polymorphic, and could not have been responsible for the almost complete disappearance of arabiensis alleles at several 3R markers.
Introgression from gambiae into arabiensis. Despite repeated attempts, we were not successful in maintaining a GA × A colony. Therefore, our conclusions of introgression from gambiae into arabiensis are very limited, and are based on GA × A backcrosses and a (GA × A) F3 generation that were obtained for a separate study. 34 The data for males and females were combined and are shown in Figure 3 . Interestingly, the frequency of the autosomal markers is very similar to those in the GA × G introgression colony. In the F 2 , the frequency of introgressed gambiae alleles is higher than expected under neutrality. This was a backcross generation, and only arabiensis homozygotes or heterozygotes could be present. In the third generation, many of the second chromosome markers were still close to the expected frequency, but the frequency of gambiae alleles at loci 79 and 770 increased substantially. As is the case in the GA × G colony, the frequency of gambiae alleles of loci on the third chromosome decreased substantially in the F 3 . The X G chromosome also showed a pattern similar to the X A chromosome in the GA × G colony as well. It decreased dramatically in the F 3 . The lower than expected frequency of the X G in the F 2 is due to a recessive inviability effect on the X chromosome that is expressed in a large proportion of these backcross males.
34
Hardy-Weinberg equilibrium. We tested for deviations from Hardy-Weinberg equilibrium to examine if preferential selection against heterozygotes or homozygotes, assortative mating, or a preferential transmission of alleles through one sex because of fertility effects could be detected. We did not observe a significant excess of heterozygotes in the F 2 of the GA × G cross. Previously, we reported that this backcross shows highly significant excess of heterozygotes on the second, but not on the third chromosome. 34 However, in the F 3 , several loci on the second chromosome have a significant excess of heterozygotes (Table 1) . It is noteworthy that the third chromosome markers show no significant deviation from Hardy-Weinberg equilibrium. In all subsequent generations, only a few instances of either heterozygote or homozygote excess were found. In this cross, selection is acting against most arabiensis third chromosome markers in a gambiae background. The lack of deviation from HardyWeinberg equilibrium indicates that this selection is not primarily against either heterozygotes or homozygotes. In the F 3 of the GA × A cross, all second and most third chromosome markers showed an excess of heterozygotes (Table 2 ). This corresponds with the observation that in the F 2 of this cross both the second and third chromosomes showed significant heterosis. 34 
DISCUSSION
Marked differences exist between and within chromosomes in their capacity to introgress from An. arabiensis into An. arabiensis. The introgressed X chromosome is removed almost instantly. Most of the introgressed second chromosome remains at high frequency even after 19 generations, whereas much of the arabiensis third chromosome is mostly removed, albeit at a slower pace. Recently, four genes located on all three chromosomes were examined for evidence of introgression between the species of the An. gambiae complex. 33 An X-linked gene examined in that study showed no evidence of introgression after the split of An. gambiae and An. arabiensis, whereas genes on both the second and third chromosomes indicated that introgression had occurred. Interestingly, the gene on the second chromosome provided a much lower F st value than two genes on the third chromosome. This appears to coincide with our finding that introgression of second chromosome loci is more likely than that of third chromosome loci.
An experiment of this kind is critically dependent on N e . Due to the high level of sterility in the F 2 , the number of males and females that contributed to the F 3 was small. However, since we observed very similar patterns in the F 3 of both backcrosses, we believe that it is unlikely that the immediate decrease in the frequency of foreign third chromosome alleles was due to the small N e in the F 2 generation. Additionally, there was clear trend of a decreasing frequency of these markers in subsequent generations in the GA × G colony. Considering that this colony consisted of approximately 800 individuals and that little hybrid sterility effects were present in subsequent generations, we are confident that this decrease was not an artifact of low N e .
Inversions that are not shared naturally between An. gambiae and An. arabiensis do not introgress in the laboratory. In the present study, we found that the patterns of introgression of various chromosomal segments between An. gambiae and An. arabiensis are to a large extent independent of the presence of inversions. That is, although inversions undoubtedly play a role in determining whether chromosomal regions can introgress between these species, the larger pattern observed extends beyond the presence of inversions.
The accumulation of genetic differences between taxa during speciation results in incompatibilities between the evolving genomes, such that genes introduced into the genetic background of the other species cause low fitness. This could be in many different forms, e.g., sterility, inviability, hybrid courtship dysfunction, or maladaptation to a specific environment, but typically traits related to reproduction are among the first to be affected. In An. gambiae and An. arabiensis, several chromosomal regions have been identified that contribute to hybrid sterility. 34 The expectation is that such genes pose a barrier for introgression of linked chromosomal regions.
Several studies have documented the effect of hybrid sterility genes on introgression. Rieseberg and others 42 identified 26 chromosomal regions that have strong selection against introgression in hybrid zones of two species of sunflower. Sixteen of these regions were significantly associated with sterile pollen. In Drosophila pseudoobscura and D. persimilis, male hybrid sterility and female species preferences are almost exclusively associated with non-shared inversions. 43 Little or no introgression of these inversions occurs between these species, whereas non-inverted regions do introgress. 44, 45 The X chromosomes of An. gambiae and An. arabiensis have a very large effect on hybrid male sterility. 14, 34 In almost all cases, backcross males carrying a foreign X chromosome are completely sterile. In addition, the X chromosome of both species plays a large role in hybrid female sterility, 15 and inviability effects are associated with the X G . 34 The very strong selection against the introgression of the X chromosomes we observed is therefore entirely expected.
We previously identified four quantitative trait loci (QTL) on the arabiensis autosomes that affect male hybrid fertility when heterozyogous in a gambiae background. 34 These male sterility QTL are expected to affect the introgression of arabiensis alleles at linked marker loci; however, no clear pattern emerged from our experiment. Two of these male sterility QTL were linked to markers 79 and 787 on 2R and 2L, respectively. A third and fourth QTL were linked to markers 812 and 127, on the 3R and 3L, respectively. In the F 20 , the frequencies of arabiensis alleles at markers 79 and 812 were very low relative to the other markers on their respective chromosome, whereas the frequencies of arabiensis alleles at markers 787 and 127 were relatively high. This difference cannot be explained by the size of the effect of the QTL. The contribution of markers 79 and 812 to the hybrid male sterility was 4.6% and 4.2%, respectively, whereas that of markers 787 and 127 was 4.2% and 7.9%, respectively. 34 Therefore, with the exception of the very large sterility and inviability effects of the X chromosome, the presence of hybrid male sterility loci does not appear to have a decisive effect on the capacity of linked regions to introgress between species, at least in the laboratory.
We also identified two female sterility QTL and two regions containing inviability loci, but these were mostly recessive and only had a significant effect when homozygous. 15, 34 These mostly recessive effects on female hybrid sterility and hybrid inviability are of less immediate consequence with respect to our experiment. Selection against such recessive genes will be weak, as long as they are at relatively low frequency. This is because at a low frequency, only a small proportion of these alleles will be in a homozygous state.
Other studies showing an association between sterility effects and selection against introgression involved natural populations. 42, 43 The small population size and limited number of generations in this experiment, compared with a natural population, makes selection relatively ineffective. It is likely that the effect of the autosomal hybrid sterility QTL was not sufficient to remove them from the colony within the duration of our experiment. Presumably, selection eventually prevents the introgression of hybrid sterility genes. However, this study shows that this may be a slow process, during which recombination can disassociate linked loci from the sterility genes. Unless genes are very closely linked to genes responsible for reproductive isolation, they may be able to introgress freely between populations whose reproductive isolation is incomplete.
Several investigators 42, 43, 46 have advocated a view of speciation in which emerging reproductive isolation is a property of small chromosomal regions, rather than the entire genome. For example, in D. mauritiana and D. similans, genes as little as 2 kb removed from a sterility factor show no evidence of reproductive isolation. 47 Krzywinski and Besansky 48 and Besansky and others 33 have argued that the data available for the An. gambiae complex so far match this view.
Coluzzi and others suggested that the adaptation of second chromosome inversions to environmental conditions and their introgression from An. arabiensis into An. gambiae allowed the expansion of An. gambiae into drier savanna habitat.
1,2 Introgression of these inversions in the past, accompanied by selective sweeps, may have led to the exchange of other parts of the second chromosome. However, regardless of the role of inversions, it seems likely that the capacity of the second chromosome to introgress between An. gambiae and An. arabiensis is due to introgression of this chromosome in the past. This would have allowed the divergence of other chromosomes, while sharing genetic variation on the second chromosome. Under this scenario, the capacity of different regions to introgress between these species should be similar in both directions. This view is consistent with the data from our GA × A cross. Although these data are limited, they suggest that the pattern of introgression is the same in both directions, at least in the first two generations.
An important question is whether introgression between An. gambiae and An. arabiensis is an ongoing phenomenon. Evidence for introgression between An. gambiae and An. arabiensis is plentiful, 1, 27, 29, 30, 33 but is mostly based on analysis of shared variation in natural populations. Using these data, it is difficult to establish if introgression is ongoing or an event in the past. Estimates of gene flow between An. gambiae and An. arabiensis based on F st values obtained from microsatellite analysis have provided N e m estimates ranging from 0.97 for the X chromosome to 1.7 for the second and third chromosomes. 49, 50 These values are almost certainly too high. Although the lowest gene flow estimate reported was for the X chromosome, our results, as well as the previous observation of della Torre and others, 29 indicate that any gene flow of 49, 50 Therefore, the reported N e m for the second and third chromosomes between these two species should also be interpreted with caution. Regardless, substantial N e m values could also be indicative of historic, rather than ongoing, gene flow.
Our results suggest that current introgression on the second chromosome is quite possible, and that selection is acting against introgression on much of the third chromosome. Because removal of third chromosome introgressions may not occur immediately, recombination may disassociate third chromosome loci and allow their introgression. However, based on our results, loci on most of the third chromosome are much less likely to introgress between An. gambiae and An. arabiensis than loci on the second chromosome.
Anopheles gambiae s.s. is now thought to be subdivided into several, at least partially reproductively isolated populations. Several so-called chromosomal forms have been defined, based on the distribution of 2R inversions, 17 the most important of which are Mopti, Savanna, and Bamako. An alternative classification of M and S molecular forms exists based on fixed differences in the X-linked rDNA. 51 Studies of gene flow between molecular forms have found differentiation between the molecular forms in the area linked to the rDNA, 52, 53 as well as on the second chromosome. 49 However, little differentiation was found between the molecular or chromosomal elsewhere in the genome. 30, 52, 54 Our gambiae strain belongs to the M molecular form, which poses the question to what extend our results can be extrapolated to the S molecular form. Considering the lack of differentiation found between the M and S form in much of the genome, we expect that the S form will show a similar pattern of introgression with An. arabiensis for the X, 2L, and third chromosomes. However, as shown by della Torre and others, introgression of 2R is likely strongly influenced by which specific inversions are present. 29 Our experiment was conducted using laboratory strains. Laboratory rearing conditions are different from conditions in nature and selection pressures will not be identical. However, the laboratory strains that we have used have been kept in the laboratory for several years under identical conditions. Both strains have therefore been adapted to similar ecologic parameters. That is, the situation in the laboratory is less complex than that in nature. The pattern of introgression we have identified is therefore likely due to interactions between the two different genomes that affect the constitution of the mosquito in some way. Any such interactions would be very strongly selected against in the natural population as well, and the pattern of introgression observed in this experiment is therefore expected to hold in nature.
Depending on their position in the genome, the introgression of autosomal genes that provide an adaptive advantage when transferred between these species, such as insecticideresistance genes, may be possible. This could have important implications for the control of these mosquitoes. For example, in An. gambiae, the widespread kdr gene confers resistance against pyrethroids and has been mapped to the left arm of the second chromosome. Our results imply that introgression of kdr into An. arabiensis is not hampered by selection against the chromosomal region in which it is contained, and based on our results introgression of the kdr into An. arabiensis is expected. Recently a single specimen of An. arabiensis carrying kdr was discovered in Burkina Faso, 55 but it was subsequently determined that this kdr allele likely arose de novo. 56 The kdr allele was also recently found in a single specimen of An. arabiensis in western Kenya. 57 It is not known if this kdr allele was acquired from An. gambiae through introgression, or whether it arose independently.
The priority of much current research involving An. gambiae focuses on the development of refractory transgenic mosquitoes with the goal of their future release as part of malaria control programs. Predicting the spread of novel genes introduced into a mosquito population will be crucial for the success of this effort. Understanding the capacity of introgression of different chromosomal regions between these vectors of malaria may assist in the design of a strategy for introducing novel genes.
